A nanocomposite electrode of single-walled carbon nanotube ͑SWNT͒ and polypyrrole ͑Ppy͒ is fabricated to improve the specific capacitance of the supercapacitor. The individual nanotubes and nanoparticles are uniformly coated with Ppy by in situ chemical polymerization of pyrrole. To characterize the SWNT-Ppy nanocomposite electrodes, a charge-discharge cycling test for measuring specific capacitance, cyclic voltammetry, and an ac impedance test are executed. The SWNT-Ppy nanocomposite electrode shows much higher specific capacitance than pure Ppy and as-grown SWNT electrodes, due to the uniformly coated Ppy on the SWNTs. The effects of the conducting agent added in the nanocomposite electrodes on specific capacitance and internal resistance of supercapacitors are also investigated.
Recent applications of carbon nanotubes ͑CNTs͒ as an electrode material for supercapacitors have ignited significant worldwide investigation on their microscopic and macroscopic porous structures and electrochemical behavior. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The CNT electrodes exhibit a unique pore structure and high usage efficiency of specific surface areas. 3, 6 The CNT electrodes for the electric double layer type of supercapacitor ͑EDLC͒ have excellent absorption characteristics due to the accessible mesopores formed by the entangled individual CNTs. 3, 7 However, there is a limitation to increasing the effective surface area of the CNTs, although some processes for breaking the bundle structure of the CNTs may enhance the utilization efficiency of their surface area.
In previous papers, we have reported that supercapacitors using single-walled carbon nanotube ͑SWNT͒ electrodes have a maximum specific capacitance of 180 F/g in a solution of 7.5 M KOH. 3, 8 However, the specific capacitance of supercapacitors using SWNT electrodes is still smaller than that of supercapacitors using activated carbons and activated carbon fibers, which are commonly used as electrode materials for supercapacitors. Therefore, it is necessary to improve the capacitance of SWNTs for practical applications.
Nanocomposites of CNTs and conducting polymers have been intensively studied these last few years to improve the conductivity, electronic transport, and electromagnetic properties of the conducting polymers for applications in nanoelectronic elements and electro-optical devices. [12] [13] [14] [15] [16] [17] [18] [19] Recently, Frackowiak et al. 20 have reported that multiwalled CNT electrodes modified by either an oxidative treatment or polypyrrole ͑Ppy͒ show a maximum specific capacitance of 170 F/g in 1 M H 2 SO 4 used as an electrolyte solution. However, in this case the pseudocapacitance by Ppy is insufficiently utilized because of the thick and rigid structure and less entanglement of the multiwalled CNTs. We report here the nanocomposite of SWNTs and Ppy for supercapacitors with high capacitance. SWNT-Ppy nanocomposite electrodes are fabricated to improve the specific capacitance of the supercapacitor.
Experimental
The SWNT powder was synthesized by dc arc discharge under a helium pressure of 100 Torr, where a graphite rod ͑6 mm diam͒ having a concentric hole ͑4 mm diam͒ filled by a mixture of the graphite powder with 5 wt % Ni, Co, and FeS ͑1:1:1͒, was discharged with a bias of 22 V and a current of 55 A. 21 Formation of a nanocomposite of SWNT and Ppy was carried out using in situ chemical polymerization of pyrrole monomer with SWNTs. Ferric chloride ͑FeCl 3 , 10 mmol͒ and sodium p-toluenesulfonate ͑CH 3 C 6 H 4 SO 3 Na, 20 mmol͒ as oxidants for polymerization of pyrrole were added to the suspended SWNTs ͑0.4 g͒ in 100 mL of deionized ͑DI͒ water. After the ferric chloride and sodium p-toluenesulfonate were completely dissolved, pyrrole monomer ͑50 mmol͒ was slowly added dropwise into the SWNT suspension with constant magnetic stirring for 4 h at room temperature. After the polymerization was over, the SWNT-Ppy powder formed was filtered and rinsed with DI water and methanol until the filtrate was colorless. The prepared SWNT-Ppy powder was then dried in vacuum at 60°C for 24 h. We have prepared and tested nanocomposites with different weight ratios of SWNT/Ppy. However, the nanocomposite with the same weight ratio of SWNT/Ppy ͑1:1͒ shows the highest capacitance. Therefore, further research is executed only for the electrode having the same weight ratio of SWNT/Ppy.
The electrode for the supercapacitor was prepared as follows: The SWNT-Ppy powder was mixed with 5 wt % of the suspended PTFE ͑polytetrafluoroethylene͒ as a binder in isopropyl alcohol. The mixture was kneaded and rolled by a bar-coater to form a sheet whose thickness is about 250 m. The electrode for the supercapacitor was prepared by pressing the cut sheet on Ni foam with 120 pores per inch under 1000 psi. The prepared electrode was then dried in vacuum at 60°C for 24 h. A unit cell for the capacitor was fabricated with two SWNT-Ppy nanocomposite electrodes separated by a porous thin polymer ͑Celgard 3501, Hoechst͒ in 7.5 M KOH aqueous solution as an electrolyte.
The unit cell was charged at a constant voltage of 0.9 V for 10 min and then discharged at a constant current density of 10-100 mA/g. To characterize SWNT-Ppy nanocomposite electrodes, the charge-discharge cycling test for measuring specific capacitance, cyclic voltammetry, and an ac impedance test were executed. The ac impedance of a unit cell in the frequency range from 100 kHz to 10 mHz was measured by an electrochemical impedance analyzer ͑Jahner Electrik IM6, Germany͒. Cyclic voltammetric measurement was performed with a potentiogalvanostat ͑EG&G 273A, USA͒, which was measured in a conventional three-electrode beaker cell in 7.5 M KOH aqueous solution as an electrolyte. A platinum plate (3 ϫ 3 cm) served as counter electrode and Ag/AgCl was used as the reference electrode. Figure 1 shows the field-emission scanning electron microscope ͑FE-SEM, Hitachi S4700͒ images of as-grown SWNTs, pure Ppy, and SWNT-Ppy powder formed by in situ chemical polymerization. The as-grown SWNTs are randomly entangled and cross-linked, and some carbon nanoparticles are also observed, as shown in Fig. 1a . The purity of the as-grown SWNTs was roughly estimated to be about 30 wt %. 22 The specific surface areas of as-grown SWNTs, pure Ppy, and SWNT-Ppy nanocomposite electrodes are measured by a surface area analyzer ͑Micromeritics ASAP 2010, USA͒ through the measurement of the N 2 adsorption isotherm at 77 K. The measured specific surface areas of the as-grown SWNTs, pure Ppy, and SWNT-Ppy nanocomposite electrodes are about 215, 23, and 65 m 2 /g, respectively. The specific surface area of the particle-free SWNTs was about 100 m 2 /g, about half that of the as-grown sample. The estimated specific surface area of the contained carbonaceous particles is about 260 m 2 /g. However, the specific capacitance of the particle-free SWNTs was reduced only by about 30%. This indicates that although the purity of the SWNTs in the asgrown sample is about 30%, the SWNT network contributes mostly to the specific capacitance. 23 Pure Ppy shows a much smaller specific surface area than the as-grown SWNTs and the nanocomposite electrodes. We emphasize that the effective surface area of the Ppy is enhanced by about three times in the SWNT-Ppy nanocomposite. In this case SWNTs serve as a nanosized backbone for polymerization of pyrrole so as to increase the surface area of the coated Ppy. The nanoparticles contained in the as-grown sample also serve as a nanosized backbone for polymerization of Ppy.
Results and Discussion
A cyclic voltammetric measurement is helpful to understand the macroscopic electrochemical surface reactions at the electrode of the supercapacitor during the charging and discharging process. Cyclic voltammetries on the as-grown SWNTs, pure Ppy, and SWNT-Ppy nanocomposite electrodes are performed to investigate the possible dominant mode of electrochemical energy storage on the three electrodes. Figure 2a -c presents the cyclic voltammetric behaviors of the as-grown SWNTs, pure Ppy, and SWNT-Ppy nanocomposite electrodes at a sweep rate of 5 mV/s. In the case of the as-grown SWNT electrode ͑Fig. 2a͒, the charging and discharging cyclic voltammogram ͑CV͒ is close to a rectangular shape and there is no current peak caused by a redox reaction, indicating a typical electric double layer ͑EDL͒ behavior, while the pure Ppy electrode clearly shows faradaic redox reactions, which are observed at 0.47 and 0.4 V with respect to the Ag/AgCl, reference electrode representing oxidation and reduction processes. The SWNT-Ppy nanocomposite electrode shows a shape basically similar to that of the pure Ppy electrode, having the faradaic redox behavior. However, the redox current of the SWNT-Ppy nanocomposite electrode is much higher than that of the pure Ppy electrode. ͑Note that the current scale in Fig. 2c is much larger than that of the individual materials in Fig. 2a and b.͒ This higher redox current for the SWNT-Ppy nanocomposite electrode arises from the uniformly coated Ppy on the SWNTs which increased effectively the active sites on the Ppy chains. The effective surface area of the coated Ppy on SWNTs is enhanced by about three times in the SWNT-Ppy nanocomposite in comparison to the pure Ppy electrode, as mentioned previously.
The electrochemical processes at the conducting polymers are electrochemical redox reactions associated with sequential Lewis acid-or Lewis base-producing steps so that the neutral polymer molecules are converted to multiply charged structures through electrochemical Lewis-type reactions involving electron withdrawal or electron donation. 24 In the charging process, a positive charge is introduced on the Ppy chains by p-doping, resulting from a Lewis ionization process which involves oxidation with electron transfer. The discharge process involves a reduction process with release of hydroxyl ions. It is known that this Lewis ionization process invokes a quasi-linear, one-dimensional cylindrical Helmholtz-like double layer developed with the involvement of counterions of the electrolyte. 24 Therefore, the pseudocapacitance by faradaic redox processes in conducting polymer-based electrochemical capacitors is dominant, although about 2-5% of double-layer capacitance is included in the total specific capacitance. 24, 25 Figure 3 shows the specific capacitances of the as-grown SWNTs, pure Ppy, and SWNT-Ppy nanocomposite electrodes as a function of discharge current density, where the data are taken from the samples charged at 0.9 V for 10 min. In comparison to the pure Ppy and as-grown SWNT electrodes, the SWNT-Ppy nanocomposite electrode shows very high specific capacitance, although the specific capacitances of SWNT-Ppy nanocomposite electrode decrease gradually with increasing discharge current density. With respect to the CNT, the specific capacitance of the CNT/PPy composite is larger due to the pseudocapacitance provided by Ppy, whereas with respect to the Ppy electrode, the specific capacitance of the CNT/ Ppy composite is higher due to an increase in surface area provided by the CNT substrate.
The specific capacitance of the as-grown SWNT electrode slightly increases and saturates to a maximum value with increasing discharge current density, while both pure Ppy and SWNT-Ppy nanocomposite electrodes show a gradual decrease in the specific capacitance with increasing discharge current density. The slight increase of the specific capacitance for the as-grown SWNT electrode at high current densities may be attributed to the existence of various forms of pores and pore diameters in the electrode. It seems that some pores with small diameter can be invaded by ions from the electrolyte with high charging current. For the pure Ppy electrode, the specific capacitance at a discharging current density of 100 mA/g drops by about 95% from that at 10 mA/g, while the capacitance of SWNT-Ppy nanocomposite electrode drops only by about 25% even for a large discharging current density. The deterioration of specific capacitance of the pure Ppy electrode is caused by the large internal resistance of the electrode compared to that of SWNT electrode. The large internal resistance ͑or equivalent series resistance, ESR͒ 26 causes a large ohmic ͑IR͒ drop at high discharging current density, resulting in the decrease of the specific capacitance and power density. The magnitude of the ESR can be clearly shown in the complex-plane impedance plots, as shown in Fig. 4 . In general, the conducting polymer electrode materials do not have long-term stability and cycle life during cycling in alkaline media, which may be a fatal problem in a real application. Swelling and shrinking of electroactive conducting polymers is well known and may lead to degradation during cycling. 24, 25 Figure 4a and b presents the complex-plane impedance plots for the as-grown SWNTs, pure Ppy, and SWNT-Ppy nanocomposite. The impedance behavior of the as-grown SWNT electrode is close to an ideal EDLC. Accordingly, the as-grown SWNT electrode shows much lower impedance than the pure Ppy and SWNT-Ppy nanocomposite electrodes. The internal resistances measured at 1 kHz are 76 m⍀ for the as-grown SWNT electrode, 175 m⍀ for pure Ppy electrode, and 124 m⍀ for SWNT-Ppy nanocomposite electrodes. The internal resistance of the pure Ppy electrodes is very large, resulting in the large deterioration of the specific capacitance at the particularly large discharging current density of 100 mA/g. Although the internal resistance of the SWNT-Ppy nanocomposite electrode is much smaller than that of the pure Ppy electrodes, the internal resistance of the SWNT-Ppy nanocomposite electrode is still large compared to that of the as-grown SWNT electrode.
In order to reduce the internal resistance of the SWNT-Ppy nanocomposite electrode, 5-20 wt % of a conducting agent ͑acetylene black͒ was added to the SWNT-Ppy nanocomposite electrode, when the electrodes were prepared. The complex-plane impedances for the SWNT-Ppy nanocomposite electrodes containing 5-20 wt % of the conducting agent are shown in Fig. 5 . With increasing amounts of conducting agent, the phase angle of tan(R imag /R real ) at the lowfrequency region is close to 90°, indicating a significant reduction of the internal resistance in the SWNT-Ppy nanocomposite electrode. The internal resistance of the SWNT-Ppy nanocomposite electrode with the conducting agent above 15 wt %, became smaller than that of the as-grown SWNT electrode. These data suggest that the conducting agent obviously affects the specific capacitance of the supercapacitor in the nanocomposite electrode.
The effects of conducting agent on the specific capacitance of the SWNT-Ppy nanocomposite electrode are shown in Fig. 6 . The maximum specific capacitance appears at 15 wt % of the conducting agent, where the data are taken from the samples charged at 0.9 V for 10 min. The effect of the conducting agent is clearly seen, particularly at high discharging current density. The specific capacitance significantly increases with increasing the amount of the conducting agent up to 15 wt % and drops at 20 wt %. We obtain a maximum specific capacitance of 265 F/g from the SWNT-Ppy nanocomposite electrode containing 15 wt % of the conducting agent. This value is larger than the previously reported value of 180 F/g from the heat-treated pure SWNT electrode. 3, 8 The conducting agent contributes to the specific capacitance by reducing the IR drop. However, an excessive addition of the conducting agent diminishes the effective portion of the active electrode material, resulting in the reduction of the specific capacitance. The difference in the specific capacitance between discharging current density 10 and 100 mA/g is larger with a small amount of conducting agent due to the larger internal resistance.
Conclusions
We have introduced the SWNT-Ppy nanocomposite electrode to improve the specific capacitance of supercapacitors by combining the EDL and the redox reaction. In comparison to the pure Ppy and the SWNTs, the SWNT-Ppy nanocomposite electrodes show very high specific capacitance. We show that this large specific capacitance of the SWNT-Ppy nanocomposite is due to the uniformly coated Ppy on the SWNTs, increasing the active sites on Ppy chains. We obtain a maximum specific capacitance of 265 F/g from the SWNT-Ppy nanocomposite electrode containing 15 wt % of the conducting agent. The addition of conducting agent into the SWNT-Ppy nanocomposite electrode gives rise to an increase of the specific capacitance by reducing the internal resistance of the supercapacitor.
